Abstract: Colonization of periodontal pathogens on the surgical sites is one of the primary reasons for the failure of regenerative periodontal therapies. Bioactive glasses (BGs) owing to their favorable structural and antimicrobial properties have been proposed as promising materials for the reconstruction of periodontal and peri-implant bone defects. This study aimed to investigate the antibiofilm activity of zinc-doped BG (Zn/BG) compared with 45S5 Bioglass (BG ) on putative periodontal pathogens. In this in vitro experimental study, the nano BG doped with 5-mol% zinc and BG were synthesized by sol-gel method. Mono-species biofilms of Aggregatibacter actinomycetemcomitans (A. a), Porphyromonas gingivalis (P. g), and Prevotella intermedia (P. i) were prepared separately in a well-containing microplate. After 48 hours of exposure to generated materials at 37 ∘ C, the anti-biofilm potential of the samples was studied by measuring the optical density (OD) at 570nm wavelengths with a microplate reader. Two-way ANOVA then analyzed the results. Both Zn/BG and BG significantly reduced the biofilm formation ability of all examined strains after 48 hours of incubation (P=0.0001). Moreover, the anti-biofilm activity of Zn/BG was significantly stronger than BG (P=0.0001), which resulted in the formation of a weak biofilm (OD<1) 
Introduction
Periodontitis and peri-implant diseases are strongly associated with the accumulation of oral biofilm which mainly consists of anaerobic gram-negative bacteria [1] , in a way that the rate of these microorganisms significantly increases compared to physiologic conditions [2] . Hence, the colonization of such species at surgical sites is a primary concern following regenerative periodontal procedures [3] . Indeed, biofilms are responsible for the occurrence of most oral infections [4, 5] , and the organisms in a biofilm are 1000 to 1500 times more resistant to antibiotics compared to planktonic bacteria [6, 7] . Among the identified periodontal pathogens, Porphyromonas gingivalis (P. g) [8] , Prevotella intermedia (P. i) [9] , and Aggregatibacter Actinomycetemcomitans (A. a) [10] play the most crucial role in the initiation and development of periodontal and peri-implant associated bone destruction [11] [12] [13] . One of the essential prerequisites for bone regeneration relies on the prevention of microbial colonization of the surgical field [12, 14] and studies have shown that the high levels of periodontal pathogens negatively affect the outcomes of regenerative approaches [13, 15] .
Nowadays, biomaterials have become an essential part of the treatment modalities aimed at reconstructing the periodontal and peri-implant bone defects. One of the promising materials proposed for the regeneration of bone lesions is bioactive glass (BG) that due to its structural, regenerative and antimicrobial properties has gained the attention of researchers [16] .
Hench et al. first introduced the BG at the University of Florida in 1969 [17] . He discovered that this type of glass made such a strong bond with the bone that it was not possible to detach them except by fracturing the bone [17] . Subsequently in vivo studies demonstrated that BGs exhibit osteoinductive and osteoconductive properties through the formation of a carbonated hydroxylapatite (CHA) with the bone [18] . Since then, despite much research have taken place in this field, the original Hench's compound is still used extensively [16] .
Presently BGs are manufactured by a method known as sol-gel, which utilizes a solvent at low temperatures [19] . This approach has several known benefits, including the porous structure and high bioavailability of the generated material and the possibility of producing a variety of glass-ceramics with different additives [19, 20] . Perio-Glas (NovaBone , Florida, USA 1992) was the first particle-sized (710-90 microns) BG used to reconstruct the jaw and periodontal defects [21] . Since then, BGs in various commercial brands, alone or in combination with different metal ions, have been used to reconstruct jaw-related bone defects [18] .
One of the desired characteristics of BGs in regenerative dental medicine is their anti-biofilm activity [22] [23] [24] . Biofilms are composed of microbial cells encased within a matrix of extracellular polymeric substances, such as polysaccharides, proteins, and nucleic acids [5] [6] [7] . It is hypothesized that following the dissolution of glass and release of cations, pH increases, and the produced alkaline condition exert anti-biofilm effects [25] . The number of studies has shown that BG and different modifications of its original formula yield particular antimicrobial activity against various strains of Streptococci and Staphylococci [3] . However, the studies on periodontal pathogens are scarce [25, 26] .
Moreover, the implementation of various chemical agents such as metal ions in BGs has been widely studied [27] . The incorporation of such agents has been shown not only to enhance the structural and mechanical properties of BG but also to improve its antimicrobial features [28] [29] [30] . In a recent study by Galarraga-Vinueza et al. [31] , bioactive glass doped with 5wt% CaBr 2 had a remarkable anti-biofilm effect against oral bacteria such as P. g and Fusobacterium nucleatum. In the context of tissue engineering, BGs doped with metal ions such as silver, copper, zinc, and strontium have been proposed for the treatment of periodontal and peri-implant defects [30, 32, 33] . One of the most potent anti-biofilm and antifungal ions is zinc, whose salts inhibit the pathogens in the microbial plaque [34] . Chemical addition of zinc to the structure of BGs enhances its mechanical and regenerative properties [30, 33, 35] . In a recent study on the Zn/BG, authors found that the release of Zn 2+ ions accelerated bone formation and the material demonstrated better mechanical properties compared with the control group [36] . Furthermore, zinc-containing glasses and ceramics have been shown to have antimicrobial properties against Staphylococcus aureus and Escherichia coli [30, 37, 38] , but there is no study on the antimicrobial activity of zinc-containing glasses against periodontal pathogens [27] . According to the studies above, the elimination of microorganisms from the operation field is necessary to increase the amount of the regenerated bone [13, 15] . This study aimed to investigate the anti-biofilm activity of Zn/BG compared with BG on putative periodontal pathogens.
Material and methods

BG nano-powder synthesis
BG composed of SiO 2 , Na 2 O, CaO and P 2 O 5 and Zn/BG was prepared by the sol-gel method described in the previous studies [24, 39] . In a brief review, 0.064M (13.33 g) of tetraethyl orthosilicate (TEOS) was dissolved in 0.1M HNO 3 (30mL) as a catalyst and stirred for 30 minutes at room temperature to allow hydrolyzing to occur. After 45 minutes, triethyl phosphate (TEP), calcium nitrate tetrahydrate, and zinc nitrate hexahydrate were added to the mixture and stirred for an hour at room temperature to complete the hydrolysis reaction. 5 mol% zinc nitrate hexahydrate was exclusively added for producing the zinc oxide particles in the structure of BG. The produced sol was stored in an isolated Teflon container for ten days to allow for the gelatinization and condensation of the products. The gel was first dried at 70 ∘ C for three days and then at 120 ∘ C for two days. The dried gel passed through a 90-lm pore size filter (170 meshes). The product was then heated at 700 ∘ C for 24 hours to stabilize the glass structure. Finally, the BG nanopowder was prepared by ball milling (SVD15IG5-1, LG Company, Germany) for 30 min. All chemical substances were purchased from Merck Company, Germany.
BG nano-powder characterization
X-ray diffraction
As previously have been explained [24] , the crystal structure of the nanopowder was assessed by X-ray diffraction (XRD) technique with Cu Kα = ¼ 1.54 Å wavelength (Philips, Germany) [24] . The resident time and size of each step were 1 second and 0.02 ∘ , respectively.
Fourier Transform Infrared Spectroscopy (FTIR)
FTIR spectroscopy (Bomem-MB Series Spectrometer) was used to determine the functional groups of the generated nanopowders. Briefly, one mg of the powder was carefully mixed with 300 mg of potassium bromide (KBr) (infrared grade) and pelletized under vacuum. Then, the pellet was analyzed in the range of 400-4000 cm −1 at the scan speed of 22 scans/min with 4 cm −1 resolution [40] .
Scanning Electron Microscopy (SEM)
The morphology of nanoparticle structures was studied by scanning electron microscopy (SEM-Philips XL30) at an accelerating voltage of 15kV. Before viewing, the conduits were coated with gold using a sputter coater (EMITECH K450X, England). Then the average diameter of the particles was measured from the SEM micrographs [30] .
PH release test
To investigate the pH values of the nanopowders, 0.3 grams of each material (BG and Zn/BG) with the concentration of 20 mg/mL were dissolved in 200-cc distilled water. One test tube used as a control group containing only distilled water without BG. Using shaking incubator, test tubes were stirred at 37 ∘ C with a 75 rpm shaking frequency.
For each test tube, pH value was measured at room temperature (21 ∘ C) after 1 hour, 24 hours and 48 hours [33] .
Cytotoxicity analysis
MTT assay was implemented to evaluate the biocompatibility and cytotoxicity of the synthesized powder by exposing the hamster ovarian cells to 20 mg/ml of BG powder [24, 39] . The MTT assay and trypan blue dyeing were carried out to measure the cell viability and proliferation [24] . As previously described, for the assessment of the cytotoxicity effects of BG nanopowders on mammalian cells, Chinese hamster ovarian cells (Cho cell line) were used (purchased from the Pasteur Institute of Iran). These cells were cultured in RPMI1640 medium (Invitrogen) containing 10% fetal bovine serum and 1% penicillin/streptomycin at 37 ∘ C and 5% CO 2 . After the cells reached 90% confluency, the viable cells were counted with the trypan blue (0.4%, w/v; Sigma-Aldrich, Germany) stain; then 10 5 cells were transferred to each well of the 96-well plates. After 24 hours, the supernatant of each well was replaced with the medium containing BG nanopowder with the concentration of 20 mg/mL. After 24, 48, or 72 hours of incubation, the medium of each well was eliminated, and the wells were washed with phosphatebuffered saline three times. The cells were incubated with 20 µL/well of MTT (Sigma-Aldrich, Germany) reagent for four hours at 37 ∘ C to allow the mitochondrial enzyme of viable cells, succinate dehydrogenase, to convert the tetrazolium ring to blue formazan. Then the supernatants were replaced with 150 µL dimethyl sulfoxide (Sigma-Aldrich, Germany). The plate was stirred to dissolve the formazan crystals. The optical density of each well was read by Elisa Reader (Tecan, Switzerland) at 540 nm. All the tests were done in triplicate. When staining the viable cells with trypan blue, the cells were first incubated with 20 mg/mL of BG nanopowder. Then they were collected using trypsin/EDTA and suspended in the new medium. The trypan blue dye was added to the cell suspension at a ratio of 1:1. The numbers of dead and viable cells were counted using a hemocytometer slide. 
Microorganisms and culture medium
Mono-species biofilm formation and evaluation of anti-biofilm activity of the BG nano-powders
Quantitative analysis and interpretation criteria of the biofilm formation ability of P. g, A. a, and P. i performed according to previous studies [41] [42] [43] . Briefly, 150µL aliquots of free-floating bacteria in planktonic suspension at a final concentration of 1.0×10 8 CFU/mL transferred to a flatbottom, polystyrene 96 wells microplate (TPP, Trasadingen, Switzerland) and incubated at anaerobic conditions for 48 hours at 37 ∘ C to allow for the biofilm formation. After incubation, the microplate contents were emptied from each well and washed three times with phosphate buffered saline (PBS) (10 mM Na 2 HPO 4 , two mM NaH 2 PO 4 , 2.7 mM KCl, 137 mM NaCl, pH 7.4) to remove free-floating planktonic bacteria. Subsequently, 150 µL of BG powder and 150 µL of Zn/BG with a concentration of 20mg/mL dissolved in sterilized stilled water added to each bacteria-containing wells separately. Afterward, the cells in the biofilm were stained with 150 µL of 0.1% (wt/vol) crystal violet solution at room temperature for 15 minutes. After washing twice with PBS, 150 µL of 95% ethanol was added to each well, and the plates were incubated at 25 ∘ C for 10 minutes to fix the cells [43] . Afterward, the wells were rinsed three times with PBS and air-dried. For quantifying the biofilms, 150 µL of 33% (v/v) acetic acid was poured in each well, and the absorbance was identified at 570 nm using a microplate reader (Anthos 2020, Biochrom Ltd., UK). Each experiment carried out five times per bacteria per type of BG, and five wells were assigned as laboratory controls for each group.
Statistical analysis
The SPSS ver. 22 software used for statistical calculations and mean ± SD values for quantitative variables reported in Table 1 . The one-sample Kolmogorov-Smirnov test then affirmed normality of the data. The significance of differences among experimental groups then assessed by analysis of variance (ANOVA) followed by post hoc Bonferroni multiple comparisons. The significance level was set at 5% as determined by ANOVA, but in multiple comparisons of the groups, the level of significance defined as 0.05/3 = 0.016.
Results
In this, in vitro experimental study, the anti-biofilm effect of Bioglass 45S5 and Zn/BG was evaluated against certain strains of periodontal pathogens, including P.g, A.a, and P.i. Five wells assigned to each bacteria per type of nanopowder. With the total of 45 wells utilized, the biofilm formation ability of each cluster was evaluated. According to the results of the Kolmogorov-Smirnov test, the biofilm formation ability of all experimental groups followed a normal distribution (Appendix table 1).
Since homogeneity of the variances held and the biofilm formation ability of all experimental groups followed a normal distribution, two-way analysis of variance (ANOVA) used. The results ANOVA showed that both BG and Zn/BG significantly reduced the biofilm formation ability of all examined strains (P=0.0001) ( Table 1) .
Moreover, in a pair-wise comparison between the materials, Zn/BG showed a statistically significant more re- duction in the biofilm formation ability of all strains compared with BG (P=0.0001) ( Table 2) . Furthermore, A. a showed the highest mean difference of OD with P. i and P. g, respectively (P=0.0001) (Appendix Table A2 ), but there is no significant difference observed between optical densities of P. g and P. i (P=0.62). These data indicate that BG nano-powders show the most inhibitory effect on the biofilm formation ability of A. a, which significantly showed more reduction in the biofilm formation than the other two strains (P=0.0001). Figure 1 shows the anti-biofilm activity of Zn/BG and BG on the examined strains including P. i, P. g, and A. a. Graph showing the anti-biofilm activity of bioactive glass nano-powders on the strains of P. gingivalis, A. actinomycetemcomitans, and P. intermedia. ** Denotes an extremely significant result compared to negative control of each bacteria. Figure 2 shows the analysis of samples of BG (15266-1) and Zn/BG (15266-2). The Zn/BG sample has a much lower crystalline phase compared to the BG sample and yields an entirely amorphous structure. The bulk of BG consists of Ca 2 Na 2 O9Si 3 , which is consistently stable. This sample also revealed CaNaO 4 P structures. On the other hand, in the Zn/BG sample, the most structure is composed of 
XRD results
FTIR spectral analysis
Stretching vibrations of the Zn-O bond will be visible in the range of 400-800 cm −1 . Characteristic Zn-O spectrum (fingerprint-like) is merely visible. The explanation for this finding is that the amount of Zn-O (5 mol%) is so small so that it is covered by the spectrum of silicate bonds (Figure 3 ). Figure 4 demonstrates the microstructure of synthesized nano BG powder. The particle size of BG was shown to be approximately 20-50nm.
Particle Size
PH test results
According to the obtained data, the initial pH (7.0 for distilled water) was increased gradually from 1 hour to 48 hours after the immersion for all samples (P<0.05). However, it was observed that pH values did not significantly differ in any of the time intervals between the groups (P=0.2) ( Table 3) . 
Cytotoxicity analysis
The chart ( Figure 5) shows the results of the MTT assay. According to the chart, there was no significant difference between the results of BG and Zn/BG after 24, 48 and 72 hours (P = 0.05). This is, none of the materials showed cytotoxic effects on hamster ovarian cells.
Discussion
Numerous studies have confirmed that one of the necessary conditions for bone regeneration is the prevention of microbial colonization of the surgical field [12] , which can lead to post-surgical complications [13] . One of the major causes of dental implant failure is a microbial invasion of the surgical site [12, 14] . Biomaterials exhibiting both regenerative and antimicrobial properties can successfully integrate with the surrounding bone, thereby ensuring the complete osseointegration of dental implants [14] . BGs have the highest bioactivity index compared to all other biomaterials [44] . One of the significant properties of BGs is their antimicrobial activity [22] . Studies demonstrate that following the dissolution of the glass, due to the release of cations, pH increases and therefore provides alkaline conditions that can destroy the bacteria [25] .
In the present study, Zn/BG showed a broad inhibitory effect on the biofilm formation ability of P. g, A. a and P. i, which was significantly stronger than the anti-biofilm activity of BG. Also, it was shown that zinc doped bioactive glass demonstrates no cytotoxicity which is a desired feature in regenerative periodontal treatment. Several mechanisms may explain this anti-biofilm activity, such as the physical properties of the material, the release of Zn 2+ ions, pH alterations, and BG surface reactions, which will be discussed below.
Stoor et al. [25] reported that Actinomyces naeslundii lost its vitality within 10 minutes of exposure to S53P4 BG paste and P.g and A.a disappeared after 60 minutes. The authors attributed this observation to the fact that the particle size in the BG paste was <45µm which produces a much higher surface-to-volume ratio than the conventional granular types (297-500 µm). This sizeable surfaceto-volume ratio resulted in the faster release of the ions from the substance and thus more rapid pH rise during the first hour. BG has a lower surface-to-volume ratio than S53P4 type and shows decreased antimicrobial activity than S53P4 form, but the formation of the hydroxyapatite layer and biological properties of the BG is more favorable than those introduced later [16, 26] . In the present study, nano-sized particles of approximately 20-50 nm were used to achieve a positive effect of the surface-tovolume ratio on the anti-biofilm properties while preserving the mechanical properties of the material.
In a similar study, Allan et al. [26] investigated the antimicrobial effect of particulate Bioglass against supraand subgingival bacteria. All examined strains showed a reduction in counts after 1-hour exposure to BG and this antibacterial activity increased after 3 hours. Authors concluded that S53P4 and 45S5 BGs had an apparent bactericidal effect on oral microorganisms. In the present study, BG demonstrated an inhibitory effect on periodontal pathogens, which is in line with the mentioned studies. These early studies only evaluated the antibacterial properties of BGs within 3 hours, but current research showed that BGs maintain their anti-biofilm activity up to 48 hours after being exposed to bacteria. Furthermore, microorganisms in the oral cavity usually live in ecologic niches (biofilms) which earlier studies neglected this critical feature.
Currently, various ions are used to augment the properties of BGs. Enhanced glass-based scaffolds and grafts demonstrate improved antimicrobial effects against aerobic microorganisms such as S. aureus, E. coli, S. mutans and Lactobacillus casei (30, 45, 46) . However, there is no available study on the antimicrobial effect of Zn/BG on periodontal pathogens, which are primary anaerobic [27] . To the best understanding of the authors, this is the first study which investigates the anti-biofilm effects of Zn/BG on the critical periodontal pathogens. The percentage of Zn 2+ added to glass and ceramics varies between 0.075 mol% to 10 mol% [33, 35] . It has recently been shown that doping 5-mol% Zn 2+ on nanoglass scaffolds, increases the compressive strength, material density and stability and leads to a formation of apatite spherical particles with a calcium-to-phosphorus ratio of about 1.67. However, 10 mol% of zinc damaged the apatite layer structure and resulted in the creation of flakelike crystals [29, 33] . In the current study, doping 5 mol% of Zn 2+ in the structure of nano-sized BG, showed that this amount of Zn 2+ while improving material's mechanical properties enhances its antimicrobial activity against periodontal pathogens. One of the possible mechanisms explaining the increase in antimicrobial activity of Zn/BG is the release of Zn 2+ ions from the material. Zn 2+ is a metal ion that has significant effects on bone repair and formation, regulation of osseous remodeling, and shows inhibitory effects on osteoclasts [47] . Numerous studies have mentioned the antimicrobial mechanisms of the Zn 2+ ion. Zn 2+ can prevent active transport and metabolism of carbohydrates, and by dislodging magnesium ions (Mg 2+ ) that are essential for plaque enzymatic activity, it interferes with the dental biofilm enzymatic system [48] . In a recent study by Echezarreta-López et al. [30] , nanofiber glasses doped with Zn-Sr showed enhanced antibacterial effects on S. aureus compared with BG , which is consistent with the results of the current study. The authors explained this improved activity by the alterations in pH induced by the release of Zn 2+ and Sr 2+ ions. BGs raise pH by exchanging Na + and Ca 2+ ions from the surface of the glass with H + ions in the environment [17] . Allan et al.
also attributed the enhanced antimicrobial properties of the S54P3 BG compared with BG to faster pH rise [26] . In a study by Bejarano et al. [33] on zinc and copper-doped BGs, researchers used two types of glass base: 58S glass and NaBG glass (Standard). The researchers observed that 58S glass base raises pH more than NaBG glass, which is due to its less crystallinity and more cation release. Adding 1 mol% zinc to both types of glass bases increased the pH more than non-doped bases, but the addition of 5 mol% and 10 mol% of Zn 2+ resulted in lower pH than that of nonreinforced bases. The authors explained that the addition of Zn 2+ to the glass reduces Ca 2+ and Na + release and prevents excessive pH rise. This finding means that Zn 2+ doping increases the stability of the glass structure [33] . In contrast, studies by Wang et al. [45] and Bellantone et al. [28] on the biological and bactericidal properties of silver-doped BG showed that the antibacterial action of the material only relates to the release of Ag 2+ ions. They rejected the influence of pH or other ions released from BG in killing the bacteria. Therefore, authors concluded that the enhanced antibacterial properties of silver-doped BG are rooted in its porous structure, which allows the controlled release ions from the material. However, in a study by Fooladi et al. [24] , authors suggested that the possible cause of the antibacterial activity of BG is the pH changes of the environment, as well as the release of other ions and free radicals from the glass. Another possible mechanism of BG antibacterial activity is the release of Ca 2+ ions from the glass surface, which leads to the agglutination of P.g [25] . However, as mentioned earlier, doping the Zn 2+ in glass structure reduces the space for Na+ and Ca 2+ ions, thus reducing the release of these ions. Altogether, it is likely that the enhanced antimicrobial activity of Zn/BG observed in the current study, is due to the direct antimicrobial activity of Zn 2+ and the role of the increase in pH or release of Ca 2+ is questionable [30, 47] .
One of the impressive verdicts of this study was the further reduction of the biofilm formation ability of A.a compared to other bacteria. Numerous studies declared that gram-positive bacteria are more susceptible to Zn 2+ than gram-negative bacteria [27, 49] . However, in the present study, even BG showed anti-biofilm activity against gram-negative bacteria. Since there is no study on the direct effect of zinc on A.a, one can assume that the enhanced anti-biofilm impact of Zn/BG on A.a may be due to the interaction of zinc with the membrane of the bacteria or the more resistance of P.g and P.i to Zn 2+ . An exact explanation of this finding requires further research on the interactions between Zn 2+ ions and periodontal pathogens.
One of the restrictions of this study was the use of mono-species biofilms instead of multispecies ones. Thus, it is recommended to use multi-species biofilm other than mono-species biofilm to mimic the oral ecologic condition.
Conclusions
Within the limitations of this study, the findings show that BG doped with 5 mol% zinc can significantly reduce the biofilm formation ability of gram-negative anaerobic periodontal pathogens including P. g, P. i, and A. a compared to BG. 
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